The study was aimed at investigating the effect of the Fe 3 O 4 hybrid deposited on graphene oxide (GO-Fe 3 O 4 ) on the relative viability and DNA integrity. The properties of the GO-Fe 3 O 4 hybrid were analyzed using a transmission electron microscopy (TEM), X-ray diffraction technique (XRD) and thermal gravimetric method (TGA), while the effi ciency of graphene oxide covalent functionalization with iron oxide nanospheres was determined by Fourier transform infrared spectroscopy (FT-IR). L929 and MCF-7 cell lines were selected to analyze the biocompatibility of GO-Fe 3 O 4 nanoparticles. The hybrid was tested using WST-1 and LDH leakage assays. DNA integrity was analyzed by agarose gel electrophoresis and micronucleus assay was performed to examine chromosomal damage in the exposed cell lines. The tested GO-Fe 3 O 4 hybrid did not signifi cantly reduce cell metabolism of L929 cells. GO-Fe 3 O 4 hybrid particles only slightly affected the integrity of cell membranes. DNA integrity and micronucleus assays did not indicate genotoxicity of the hybrid.
INTRODUCTION
Graphene oxide (GO) is one of the most popular graphene derivatives. Its unusual properties (e.g., electrical, optical, thermal or mechanical) are mainly determined by the chemical structure composed of sp3 carbon domains surrounding the sp2 carbon domain 1 . Another important characteristics of GO is a structure with a large specifi c surface area. These unique properties make GO an ideal carrier of many various molecules (e.g., drugs, fl uorescent dyes, photosensitizers or ferromagnets), and for this reason, many recent studies have focused on GO as a drug delivery system, also suitable for the thermally--responsive therapy using the GO platform for loading magnetic nanoparticles 2, 3, 4 . Recently, various metal oxides (e.g. ZnO, AgNPs, TiO 2 , Fe 3 O 4 ) have been manufactured and incorporated into different products (e.g., plastics, glass, textiles, reinforce, pigments, medical devices and many others) to expand their properties and broaden product's applications 5, 6 . It was possible thanks to the unique capabilities of metal oxides, such as catalytic, antimicrobial, antioxidant, optoelectronic or ferromagnetic characteristics 5, 6 . It was also found that some of those attractive metal oxides can be cyto-and/or genotoxic and induce cellular changes resulting in a disruption of mitochondrial membrane integrity, DNA fragmentation and cell death. Lately, several studies have focused on Fe 3 O 4 nanoparticles due to its magnetic properties that can be successfully applied in the medical sector. The Fe 3 O 4 nanoparticles were used for GO-Fe 3 O 4 preparation for different applications; for example, GO-Fe 3 O 4 with an anticancer drug, as an alternative form of cancer treatment, reduced GO-Fe 3 O 4 NPs used as a magnetic resonance contrast agent or GPO--do-Fe 3 O 4 nanoparticles (Fe 3 O 4 nanoparticles covalently bonded to graphene oxide (GPO) through dopamine (do)) synthesized for electro-magnetic devices 7, 8 . Due to the immense potential of GO-Fe 3 O 4 application in biomedical and other fi elds, those recent studies have focused on the potential cytotoxicity and genotoxicity of this type of hybrid 8 . An important aspect of those studies is to fi nd out as much as possible about the interactions between NPs and biological systems. These analyses, including plasma membrane damage, induction of oxidative stress, impairment of mitochondrial activity and DNA damage bioassays should complement a wide and proper physico-chemical characteristics of NPs 9 . Advances in understanding the relationship between physicochemical parameters and potential cytotoxicological effects of synthesized hybrid need to clarify and should correspond to mainstream nanotechnology and its wide range of biomedical applications. Thus, the aim of the study was to evaluate the cellular response of L929 and MCF-7 cell lines to 48-hour incubation with graphene oxide nanosheet/Fe 3 O 4 nanoparticles (GO-Fe 3 O 4 ).
EXPERIMENTAL

Preparation of graphene oxide-Fe 3 O 4 nanoparticle hybrids
Synthesis of graphene oxide
In order to produce graphene oxide (GO), modifi ed Hummers method has been used. Briefl y, 1 g of graphite and 6 g of KMnO 4 were placed together in a round-bottom fl ask. A mixture of concentrated H 2 SO 4 (120 ml) and H 3 PO 4 (15 ml) was slowly poured into the fl ask with powders, followed by heating to 50°C and stirring for 12 hours. After cooling down to the room temperature, 1 ml of H 2 O 2 (30%) was slowly added. The mixture was purifi ed by sequential washing and centrifugation with water, HCl aqueous solution (1:3) and ethanol. The product was vacuum dried at 60°C. The whole procedure has been described in details by Marcano et al. 10 .
Synthesis of magnetite nanospheres (Fe 3 O 4 )
To synthesize iron oxide nanospheres, 20 ml of ethylene glycol (EG) and 400 mg of iron oxide precursor -iron chloride (FeCl 3 ) were mixed together in a glass beaker followed by ultrasonication until the homogeneous dispersion was received. In the next step, sodium acetate (5.0 g) was added to the mixture. After ultrasonication, the dispersion was transferred into the sealed tefl on-lined stainless steel autoclave for 6 h at 200°C. The suspension was separated with a magnet and washed thoroughly with ethanol and water. The obtained product was vacuum dried in 100 o C.
Synthesis of graphene oxide -Fe 3 O 4 (GO-Fe 3 O 4 )
In order to produce GO-Fe 3 O 4 the glycine was used as a linker. Firstly, 20 mg of Fe 3 O 4 nanospheres was dispersed in water (0.5 mgml -1 ) and ultrasonicated until the homogeneous dispersion was obtained followed by functionalization with glycine in order to attach -NH 2 groups to its surface. 20 mg of graphene oxide sample was exfoliated in 60 ml H 2 O by the ultrasonication to produce a homogeneous graphene oxide water-based suspension. Then, the carboxylic groups on the graphene oxide surface were activated with 8 mg of N-hydroxysuccinimide (NHS) and 10 mg of 1-(3-dimethylaminopropy--l)-3-ethylcarbodiimide (EDC). The mixture of modifi ed iron oxide and graphene oxide was stirred for 2 h. The obtained product was centrifuged, washed several times with water and ethanol and dried in 100 o C.
Characterization of synthesized nanocomposite
The morphology of graphene fl akes covered with GO-Fe 3 O 4 nanospheres, size and distribution of the magnetite nanoparticles was examined using a highresolution transmission electron microscopy (HRTEM) (FEI Tecnai F30, Frequency Electronics Inc.). X-ray diffraction technique (XRD) (K α1 = 1.54056 A, X'Pert Philips Diffractometer, PANanalytical) was used to investigate the crystal structure of the prepared samples and to estimate the average size of magnetite nanoparticles. The composition of the samples was analyzed by thermal gravimetric method (TGA) (SDT Q600 Simultaneous TGA/DSC, TA Instruments) under an air fl ow of 100 ml/ min and a heating rate of 5°C/min. The effi ciency of the covalent functionalization of graphene oxide with iron oxide nanospheres was determined by Fourier transform infrared spectroscopy (FT-IR) (Nicolet 6700 FT-IR Spectrometer, Thermo Scientifi c). The spectra obtained with FT-IR demonstrated successful functionalization of GO with Fe 3 O 4 via a covalent bond.
Cell culture conditions
Two cell lines -mouse L929 fi broblasts and MCF-7 human breast adenocarcinoma -were seeded on 96-well microplates (Corning Inc.) at a density of 7.4 x 10 3 per well (for WST-1, LDH assays) and in T25 fl asks (Sarstedt) at a density of 7 x 10 5 per fl ask (for genotoxicity assays) in standard culture conditions at 37°C, 5% CO 2 and were cultured 95% humidity. Complete DMEM (Dulbecco's Modifi ed Eagle Medium, High Glucose, Gibco) supplemented with 10% heat-inactivated fetal bovine serum (Sigma-Aldrich), 2 mM L-glutamine (Sigma-Aldrich) and 0.4% streptomycin-penicillin (Sigma-Aldrich) was used to maintain cell cultures. Cell lines were monitored with a Nikon TS-100 microscope (NIS Elements F Pakage, Nikon). After a 24-h incubation period, the GO-Fe 3 O 4 nanocomposite was added to the cell culture at fi nal concentrations of 0.0, 3.125, 6.25, 12.5, 25.0, 50.0, 100.0 μg ml -1 in the culture medium. Cell lines were incubated with the hybrid for 48 h.
Relative mitochondrial activity
Firstly, the relative mitochondrial activity of L929 and MCF-7 cell lines after 48-h incubation with the hybrid was tested using the WST-1 Cell Proliferation Reagent (Roche Applied Science). The WST-1 assay is based on the mechanism of reduction reactions of WST-1 salt catalyzed by cellular dehydrogenases from metabolically active cells 11 . The number of metabolically active cells is proportional to the amount of the reduction product. The WST-1 solution (20 μl) was added to each well and incubated for additional 60 minutes at 37°C. After incubation, the absorbance was recorded at 450 nm (with a reference wavelength of 630 nm), according to the manufacturer's instructions, on a Sunrise Absorbance Reader (Sunrise, Tecan). Cells maintained in a complete DMEM medium without adding the tested samples were used as a control. The interaction between nanomaterials and WST-1 reagents was also determined. All the experiments were conducted in triplicate. The relative cell viability was calculated using the following formula (1): (1) where OD is optical density.
Lactate dehydrogenase leaking assay
The cytotoxicity of GO-Fe 3 O 4 exposure was determined using the LDH CytoTox 96 ® Non-Radioactive Cytotoxicity Assay (Promega). The lactate dehydrogenase (LDH) leaking assay measures lactate dehydrogenase enzyme released due to the cellular membrane damage. The number of lysed cells is proportional to the amount of formazan converted from the tetrazolium salt. Optical density values were measured at 490 nm using a microplate spectrophotometer (Sunrise Absorbance Reader, Tecan). The interaction between different concentrations of the nanocomposite in cell culture medium and LDH assay components was carried out in the absence of cells. The percentage of LDH released (cytotoxicity) after 48-hour exposure was calculated using the formula (2): (2) where A is absorbance.
DNA fragmentation assay
Nuclear DNA fragmentation can be used for the detection of the apoptotic effect. After 48 hours of treatment, L929 and MCF-7 cells were harvested by scraping in 1xDPBS (Gibco) and pelleted by centrifugation at 1000 rpm. Then, genomic DNA was extracted from cell cultures using silica microcolumns (Genomic Mini Kit, A&A Biotechnology), according to the manufacturer's protocol. The extracted DNA was suspended in 200 μl of Tris-EDTA buffer. The quantity of DNA was determined fl uorometrically using Quant-iT TM DNA BR Assay Kit (Invitrogen) and Qubit fl uorometer (Invitrogen). The integrity of genomic DNA was analyzed electrophoretically on 1% agarose gel (Basica, Prona) prepared in 1xTBE buffer (Chempur) stained with 1.0 μM ethidium bromide (Aplichem). Equal amounts of DNA isolates were loaded and separated by horizontal electrophoresis (80 V, 400 mA, 60 minutes) and visualized at 312 nm using UV transilluminator (Vilber Lourmat). For reference, 1 kb DNA Ladder (GeneRuler, Thermo Scientifi c) was used.
Micronucleus assay
Micronucleus assay was also performed to examine chromosomal damage in the exposed cell lines. The cells plated on T25 fl asks (Sarstedt) were exposed to six doses (3.125-100.0 μg ml -1 ) of the nanocomposite. Treatment time was 48 h. Cytochalasin B (15 μg ml -1 , Sigma-Aldrich) was added to induce binucleation of dividing cells. Positive controls were obtained by exposing the cells to mitomycin C (5 μg ml -1 , Sigma-Aldrich). The untreated control was also included in a 48-hour incubation period. After incubation, the cells were harvested, transferred to 15 ml tubes (Sarstedt) and centrifuged at 1200 rpm for 10 min. The supernatant was then discarded and the cells were resuspended in a hypotonic buffer (0.075 M KCl, Chemland) and incubated for 5 min at 37°C. Next, the cells were centrifuged at 1200 rpm for 10 min and the supernatant was discarded by pipetting and the cells were fi xed with 2 ml of Carnoy's fi xative (methanol/acetic acid, 3:1, Chemland). Finally, the cells were spread on microscope slides and stained with Giemsa solution (Chempur) for 8-12 min. The presence of MN in each slide was scored (1000 cells) using a Zeiss Axiolab microscope. Data presented for MN are the mean of two slides.
The cytokinesis-block proliferation index (CBPI) was calculated from 100 cells per sample 12, 13 using the formula (3):
Statistical analysis
The data collected in this study are given as the mean values ± standard deviation (SD). All results were compared using the Student's t-test. Differences were considered signifi cant at P<0.05. Statistical analyses were performed using Statistica 12.5 (StatSoftInc., Tulsa, OK, USA).
RESULTS AND DISCUSSION
Transmission electron microscopy (TEM) was employed in order to investigate the morphology of the hybrid. Representative TEM images of the GO-Fe 3 O 4 hybrid are shown in Figure 1 . The observations revealed the spherical shape of magnetite nanospheres. A histogram presenting diameter distribution of Fe 3 O 4 nanospheres (Fig. 1C) shows that the diameter of the nanospheres is in the range of 70-230 nm. Images 1A and 1B present a heterogeneous coverage of graphene fl akes with nanospheres.
X-ray diffraction (XRD) was applied to study the crystal structure of the material. XRD pattern of the GO-Fe 3 O 4 hybrid is presented in Figure 1D . The spectrum of GO-Fe 3 O 4 is dominated by intense and narrow peaks indexed as planes (220), (311), (400), (422), (511) and (440). The data obtained are consistent with the standard XRD data for magnetite (ICSD 65339).
Thermal gravimetric analysis was used to determine sample composition. Figure 1E demonstrates the thermogravimetric curve of GO-Fe 3 O 4 nanosphere hybrids heated in the air to 700°C. The weight loss observed at 100°C corresponded to decomposition of physically adsorbed water. The following weight loss occurred between 150°C and 300°C and was associated with decomposition of oxygen-containing functional groups, which meant that graphene oxide did not undergo a complete reduction during magnetite attachment. The next weight loss could be assigned to the bulk pyrolysis of the carbon skeleton. TG curve of the hybrid indicated that the amount of loaded Fe 3 O 4 was ca. 34 wt%.
The effi ciency of the covalent functionalization of graphene oxide with iron oxide nanospheres was performed using Fourier transform infrared spectroscopy. The presented spectra provide evidence for successful GO functionalization with Fe 3 O 4 via the covalent linkage. Figure 1F presents FTIR spectra of GO-Fe 3 (Fig. 2A) . L929 fi broblasts exposed to the GO-Fe 3 O 4 hybrid showed the lowest OD values of cells incubated with the tested nanomaterial at 3.125-6.25 μg ml -1 concentrations (no statistically signifi cant differences were found). Higher values were recorded when the cells were co-incubated with the hybrid material at a concentration range of 50.0-100.0 μg ml -1 . The cells incubated with the GO-Fe 3 O 4 hybrid at a concentration of 12.5 μg ml -1 exhibited the highest cell mitochondrial metabolism. Moreover, the cytotoxicity of GO-Fe 3 O 4 exposure was determined using the LDH CytoTox 96 ® Non-Radioactive Cytotoxicity Assay. The highest LDH leakage was observed at a dose of 50.0 μg ml -1 (P<0.05). A lower cytotoxic effect on LDH leakage was recorded for 3.125 and 6.25 μg ml -1 (P<0.05) hybrid concentrations (Fig. 2B) .
Similarly, the infl uence of the GO-Fe 3 O 4 hybrid on MCF-7 was evaluated using WST-1 and LDH leakage assays. The relative mitochondrial activity of MCF-7 cells, in the contrast to L929 cells, was affected by the tested hybrid in a dose-dependent manner. This correlation was clearly noticeable for the high nanomaterial concentration >12.5 μg ml -1 ( Fig. 2A) . The GO-Fe 3 O 4 hybrid most highly reduced the mitochondrial activity at concentrations ranging from 25.0 to 100.0 μg ml -1 (P<0.05). The viability of MCF-7 decreased approx. by 50% compared to the free-growing cells. The data obtained from LDH assay showed that the effect of the GO-Fe 3 O 4 hybrid on cell membrane integrity was not dose-dependent. The highest LDH leakage was observed at a dose of 12.5 μg ml -1 (approx. 5% of LDH leakage was recorded for this concentration, P<0.05) (Fig. 2B) .
Comparison of the result showed that the mitochondrial metabolism of the MCF-7 cell line was more affected in the presence of the GO-Fe 3 O 4 hybrid than the L929 cell line. It was also noted that the LDH leakage response to hybrid particles was different in both cell lines. Although the relative viability of MCF-7 cells was lower and the LDH release and membrane integrity was less affected during exposure to GO-Fe 3 O 4 . Opposite results were obtained for L929 cells, with a higher mitochondrial activity, but also higher LDH release. These fi ndings correspond to previous studies on the L929 cell line performed by Urbas et al. The DNA laddering technique provides a valuable opportunity to analyze endonuclease cleavage products of the apoptosis process that can be caused by endogenous reactive oxygen species (ROS), errors occurring during the replication or recombination processes or/and environmental toxicants 6, 18 . The damaging effect of the GO-Fe 3 O 4 hybrid in L929 and MCF-7 cell cultures was evaluated using the aforementioned method. The integrity of genomic DNA extracted from cell lines exposed to different GO-Fe 3 O 4 doses was confi rmed by agarose gel electrophoresis. The analyzed hybrid did not induce DNA damage after a 48-hour treatment. High molecular weight DNA extracted from the treated cell cultures was visualized at 312 nm using UV transilluminator (Fig. 3) . All DNA isolates from both cell lines incubated with different concentrations of the hybrid did not exhibit any DNA fragmentation. Similarly, the negative control set also contained intact DNA visible as a single band on an agarose gel. It was suggested by Javed et al. 19 that the genotoxic potential could be correlated with the decomposition of mitochondrial membrane potential due to oxidative stress and apoptotic DNA fragmentation 6 . In the current study, the tested GO-Fe 3 O 4 hybrid did not affect DNA integrity and did not confi rm the induction of apoptosis in L929 and MCF-7 cultures. However, depending on the type of in vitro cellular model, the results of WST-1 and LDH assays displayed different tendency in cellular response. The minimal impact of GO-Fe 3 O 4 hybrid on mitochondrial metabolism and membrane integrity was recorded in case of L929 culture. The MCF-7 cell line was more susceptible to hybrid nanoparticles, due to higher mitochondrial activity reduction (Fig. 2) . In the study presented by Urbas et al. The GO-Fe 3 O 4 hybrid did not increase the frequency of micronucleated cells in any of the tested doses in both cell lines analyzed compared with the negative control (Fig. 4A) . The 48-hour treatment resulted in the highest number of cells with micronucleus at a concentration of 6.25 μg ml -1 for MCF-7 and L929 cells, with the highest value (approx. 4% of cells with MN in comparison to the control sample) recorded in MCF-7 cells. The second peak for MN cells was observed at 25 μg ml -1 and was approx. 2% for the MCF-7 cell line and 1.2% for L929 cells. The mechanism of DNA-nanoparticles interaction is not well explained. It is stated that particle size and charge may be crucial not only for oxidative stress induction and membrane disruption evoked by mechanical stress, but also for the ability to cross the nuclear envelope and direct interactions with DNA. Small particles seem to be able to enter cells and reach the nucleus of interphase cells. During mitosis, when the nuclear envelope disappears, nanoparticles may easily enter the nucleus and directly interact with genomic DNA or mitotic apparatus 13, 20 . In addition, Lindberg at al. 13 found that the exposure time and concentration of NPs might also affect the capability to reach the nucleus and direct interactions with DNA. The micronucleus analysis can be diffi cult to perform after the GO-Fe 3 O 4 hybrid treatment, as the tested material can cover the slides, especially when 25.0-100.0 μg ml -1 doses are used in the experiment. According to the observations demonstrated by Lindberg et al. 13 , higher doses of NPs (e.g., 80.0, 100.0 μgml -1 ) could be evaluated after 48-h or 72-h incubation periods. The evaluated CBPIs were not affected in a dose-dependent manner (Fig. 4B) , but a higher CBP index was recorded for the MCF-7 cell line, which was consistent with the results obtained in the MN assay, i.e., higher MN and CBPI values were recorded at two concentration tested, 6.25 and 25 μg ml -1 (Fig. 4B , with no statistically signifi cant differences). The CBPI indicated no inhibition of L929 cell proliferation in none of the tested doses of hybrid NPs. The CBP index for MCF-7 cells was higher in comparison to the L929 cell culture, but it reached slightly lower values at concentrations ranging from 50.0 to 100.0 μg ml -1 (with no statistically signifi cant differences).
CONCLUSIONS
In summary, it can be concluded that the tested GO--Fe 3 O 4 hybrid showed good biocompatibility and did not signifi cantly reduce cell metabolism in the case of L929 cell line. GO-Fe 3 O 4 hybrid particles only slightly affected the cell membrane integrity. DNA integrity and micronucleus assays did not indicate hybrid genotoxicity. Therefore, the presented hybrid nanoparticles could potentially be utilized in the evaluation of alternative systems for hyperthermia treatment.
